Fourteen in-line oxygen monitors designed for use in patient breathing circuits were assessed to determine the lifespans of their sensors when exposed to oxygen, their response times to a sudden change in oxygen concentration from 30% to 0%, the effects of exposure to nitrous oxide, and the effects of some agents and conditions commonly encountered in anaesthetic breathing systems by exposing the sensors repeatedly for three two-hour periods to 1% halothane, 2% enflurane, saturated water vapour at 3rC, 5% carbon dioxide, or a continuous pressure of 40 mmHg. Under the conditions of this study all sensors but one exceeded the manufacturers' claimed lifespans, and all had clinically adequate response times to sudden hypoxic changes. None had significantly altered responses when repeatedly exposed to nitrous oxide. Water vapour was the most common cause of error for both polarographic and galvanic cell sensors, although some errors occurred with each of the test conditions; errors from all causes occurred evenly throughout the /ifespans of both types of sensor. The incidence of over-read errors was approximately equal to that of underread errors. However, clinically potentially dangerous over-read errors of greater than 6% oxygen did not occur in any of the sensors, with the exception, on some occasions, of the Datex Oxygen Analyser when exposed to saturated water vapour at 3rc.
reports of accidents due to administration of hypoxic gas mixtures which conclude that these events would have been 'totally preventable' by the use of oxygen analysers. 4 ,5 Concern has been expressed at the failure to routinely use oxygen analysers in anaesthetic practice. 6 ,7 Early methods of oxygen analysis used the paramagnetic principle (the Pauling Meter) and thermal conductivity detectors;8,9 these methods had slow response times and were not widely used. Analysers currently use the electrochemical principle where the rate of reduction of gaseous oxygen is proportional to its concentration. These analysers have either a polarographic electrode, similar to the bloodgas electrode, which requires an external power supply to provide the appropriate electropotential for the reaction, or a galvanic cell, which is essentially an oxygen-powered battery working against a resistive load.
It was decided to evaluate fourteen oxygen analysers available in Australia with respect to their lifespans, their responses to sudden reductions in oxgyen concentration and their responses to exposure to 100070 nitrous oxide. Also evaluated were the effects of repeated exposure for three two-hour periods to 1 % halothane, 2% enflurane, saturated water vapour at 37 QC, 5070 carbon dioxide and a continuous pressure of 40 mmHg. A pressure of 40 mmHg was chosen because it approaches the highest pressure encountered in breathing circuits under normal clinical conditions. Studies were carried out on seven oxygen analysers using polarographic electrodes, and seven using galvanic cells.
METHODS
Fourteen commercially available oxygen analysers were obtained from their Australian suppliers and subjected to an electrical safety test based on Australian Standard AS-3200 (Electromedical Equipment -General Requirements). Their sensors were placed in T -piece adaptors, connected randomly in series, and 100070 oxygen was passed through the system at 4 IImin. The sensors were inserted so that they entered the gas channel from above and then angled slightly to allow condensed water vapour to drip from the dependent edge. The sensors were exposed to 100% oxygen at all times except when test exposures to different conditions were being carried out.
Every two weeks during the life of each sensor the following procedure was carried out over five days. On each of these five days, the sensors were exposed to dry air at 24 QC for ten minutes and the gains of the analysers were set to 21 %. The sensors were then exposed to 100% oxygen for two minutes and the meter reading noted. If a meter reading of less than 90% was obtained the sensor was considered to be at the end of its lifespan. The sensors were then exposed on each day for three two-hour periods to a gas mixture of 70% nitrous oxide/30% oxygen together with, on day 1, 1 % halothane (Cyprane Fluotec-3 Vaporizer), on day 2, 2% enflurane (Cyprane Enfluratec-3 Vaporizer), on day 3, saturated water vapour at 37 QC (Fisher-Paykel Humidifier), on day 4, 5% carbon dioxide (monitored using a Datex Normocap Carbon Dioxide Analyser) and, on day 5, a continuous pressure of 40 mmHg using a resistance at the outlet (monitored with a calibrated aneroid gauge). After each two-hour period the following tests were carried out. The sensors were exposed to a gas containing 29.5% (±0.2%) oxygen in nitrogen for 30 seconds and the meter readings were again noted. The sensors were Analog Galvanometer Needle then exposed to 100070 dry nitrous oxide for 30 seconds and the meter readings were again noted. In addition, the time was measured for the device to alarm, if an alarm was fitted, or for the meter reading to register below 18%.
RESULTS
The code number, model, unit cost, sensor cost, manufacturer and supplier in Australia of each device are shown in Table l(a). The nature of power supplies, displays, and the size of the devices are shown in Table l(b). The lifespan, the time taken for the monitor to alarm or read less than 18 % when there was a sudden step change in oxygen concentration from 29.5% to 0070, the lowest alarm threshold, and the readings when the sensors were exposed to dry 100% nitrous oxide are shown in Table 2 .
The means, standard deviations and ranges of all readings for each device, when their sensors were exposed to a gas containing 29.5% oxygen at two-hourly intervals after being exposed to the test agents or conditions, are shown in Figure 1 agents and conditions listed above (see Methods) are shown in Table 3 . An error was defined as an oxygen meter reading 3 % greater or less than the reference reading (29.5%), as used by the Emergency Care Research Institute (Philadelphia, Pennsylvania, U.S.A.). Polarographic type. A six-month lifespan is claimed by all the manufacturers of polarographic sensors with the exception of Critikon, who claim a three-month lifespan. This claim is made irrespective of the concentration of oxygen in the gases measured. All the polarographic sensors in this study exceeded their manufacturers' claims with the exception of the sensor in the CIG analyser. CIG, in common with Ventronics, use a Teledyne sensor imported from the U.S.A.; the Teledyne sensor used with the Ventronics analyser exceeded the manufacturers' claim by 10%.
Galvanic cell. The galvanic cell sensors all have claimed lifespans calculated in units of per cent hours (070 hrs). These units are derived from the· product of time of exposure and the per cent oxygen concentration during exposure, which implies that they will last approximately five times longer in air than in oxygen. With the exception of the Drager galvanic cell all the galvanic cells were of the Teledyne C-2 type. These are specifically recommended for use in anaesthesia monitoring and are rated at 100,000 % hrs. All six cells exceeded their claimed 4 days/week, exposure to 30% oxygen and the rest of the time in air and a replacement cell cost of $120).
Response time
The response time of each device was tested by simulating oxygen supply failure with a sudden change in oxygen concentration from 30% to 0% and measuring the time taken for the ,monitor to alarm, or to pass the 18% oxygen mark when no low-level oxygen alarm was fitted, as in devices PI, Gll and G14 (the latter device does have the facility for both low and high alarms but was supplied on request without them). Results are shown in Table 2 . All monitors had satisfactory response times, with the polarographic electrodes being, in general, faster responders than the galvanic cells. Where low alarms were fitted all monitors had adjustable low-level thresholds with the exception of the Drager device (G8) which was preset at 20%. The minimum threshold at which alarms could be set varied from 9% to 20% with all except that on the CIG monitor (P2) being between 13% and 20%. We felt that the 9% level available on the CIG monitor was too low. This was changed to 16% on units manufactured after October 28, 1985, and the manufacturer has indicated that those with 9% alarm levels can be modified for a nominal charge.
Effects of nitrous oxide
The significant interference by nitrous oxide previously reported by others in studies on earlier devices lO • 11 was not detected in this study. Most monitors registered 0% or 1070 oxygen on the oxygen scale when exposed to 100% nitrous oxide. This is in agreement with the findings of others for analysers common to our study. 12.13 
Effects of agents and conditions
The mean of all readings for each monitor when the sensors were exposed to 29.5% oxygen after exposure to the various agents and conditions ranged from 28.6% to 30.3%; the standard deviation ranged from 0.4% to 2.7%. The group of monitors with polarographic electrodes had a wider range of error (15% oxygen above the reference to 10% oxygen below the reference) than the group with galvanic cells (6% oxygen above the reference to 5% oxygen below the reference). Errors occurred under all conditions but were most common after exposure to water vapour, when most sensors over-read. Exposure to volatile anaesthetic agents did not contribute disproportionately to the total number of errors, although earlier studies had shown that halothane significantly affected the performance of electrodes. 14.15 Errors occurred evenly throughout the sensors' lifespans.
The Emergency Care Research Institute suggests that errors of up to 3% oxygen are acceptable. On at least one occasion three monitors in each group over-read by more than this amount (P3, P4, P6 and 07,08 and 012) and six of the polarographic electrode and five of the galvanic cell monitors under-read by more than this amount (PI, P2, P4, PS, P6, P7 and 08, 09, 010, 013 and 014). Only one monitor (011) remained within this range on all occasions. Under-read errors of up to 10% oxygen would not place patients in jeopardy and would probably not contribute significantly to the risk of awareness. It would also seem reasonable, for clinical purposes, to accept a maximum over-read error of 6% oxygen if a minimum intended inspired concentration of 30% oxygen is used clinically.
Only the Datex Oxygen Analyser was subject to over-read errors of greater than 6% oxygen (maximum 15%); these were all due to the effect of saturated water vapour at 37 QC.
